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MinireviewIntegrating Functions
at the Kinetochore
presence of a single mal-oriented or unconnected kinet-
ochore is sufficient to prevent the onset of anaphase
separation of all the sister chromatids in the cell (Li
Soni L. Shimoda and Frank Solomon1
Department of Biology and Center
for Cancer Research
Massachusetts Institute of Technology and Nicklas, 1995). Indeed, results summarized below
demonstrate that without a newly described editingCambridge, Massachusetts 02139
mechanism, such mal-orientations lead to improper
chromosome segregation at very high frequency. These
data make clear that the geometry of the mitotic appara-Kinetochore components have catalytic as well as struc-
tural activities. New evidence illustrates how these pro- tus—the orientation of the spindle poles, microtubules,
chromatids, and kinetochores—is not sufficient to as-teins integrate spindle morphogenesis with regulation
of the timing and accuracy of chromosome segre- sure error-free segregation of chromosomes.
This necessarily brief summary of a literature rich ingation.
incisive and multidisciplinary experiments is intended
to identify some of the problems that remain:Mitosis proceeds through a series of ordered steps. The
objective of the pathway is to create daughter cells, • how can the status of one kinetochore out of dozens
each with a complete set of chromosomes, no more and control the progress of mitosis?
no less. Any error has dire consequences. The mecha- • how are the interactions between microtubules and
nisms for avoiding errors are subtle and sensitive, ap- chromatids secured?
propriate to the task of preventing missegregation of • how are defects in the mitotic apparatus repaired to
one chromosome out of many. Recent work focuses prevent chromosome missegregation?
attention on proteins that localize, at least some of the
time, to the kinetochore, the site of microtubule-chromo- Progress in recent months on each of these issues has
some attachment. We have selected for review results centered on proteins that localize to kinetochores, using
mainly from yeast that demonstrate the dynamic proper- experimental designs that probe their activities. The re-
ties of the kinetochore, integrating morphogenesis and sults produce intriguing advances toward answering
proof-reading of the spindle apparatus with its signaling each of these questions. They support interesting spec-
function. These results provide new insights into funda- ulations that integrate these functions into a general
mental processes, and suggest that this classical and model.
complex problem may soon be amenable to the ap- Dynamics of an Anaphase Inhibitor
proaches of enzymology. Direct manipulations of the spindle apparatus in meta-
A Functional Spindle zoan cells (Li and Nicklas, 1995) and mutant analyses
The geometries of the mitotic spindle and of the chromo- in genetic organisms (Hoyt et al., 1991; Li and Murray,
somes are conducive to bilateral segregation. After repli- 1991) demonstrate a spindle checkpoint that forestalls
cated chromatids condense and form sister pairs, they the initiation of anaphase when proceeding would lead
attach to spindle microtubules and align at the middle to missegregation. The checkpoint is sufficiently sensi-
of the cell. The halves of the mitotic spindle are made tive to detect one unattached kinetochore among doz-
of microtubules that arise from poles lined up along ens of attached ones. Yeast cells deleted for any one
the axis that connects the incipient daughter cells. In checkpoint gene are viable, but their frequency of chro-
addition, the kinetochores of sister chromatids face in mosome missegregation events increases by an order
opposite directions. This organization should favor cap- of magnitude—to about 6  105 events per cell (Li and
ture of microtubules by the sister kinetochores of micro- Murray, 1991).
tubules from opposite poles. When metaphase organi- The dominant interference with the progress of mito-
zation is complete, the cell initiates anaphase; the sister sis by a single unattached kinetochore suggests that
chromatids separate from one another, following the cells can amplify the status of the microtubule-chroma-
cleavage of the cohesion proteins that bind them to- tid interaction at that kinetochore in the form of a diffus-
gether and depending upon the motile forces of the ible signal. Such amplification in biological systems typi-
spindle that translocate them. cally involves a catalytic activity generating multiple
However, if anaphase separation begins before the product molecules. In this case, attention has focused
spindle and its connections to the sister chromatids are on proteins that are modified—either covalently or non-
correctly formed, missegregation events can occur. For covalently. These inhibitory protein molecules are ex-
example, if only one of the sister kinetochores has bound pected to be diffusible, so they can transmit the state
to spindle microtubules (unipolar attachment), or if both of the kinetochore to the rest of the cell. They should
sister kinetochores have bound microtubules arising also have a restricted half-life, requiring regeneration,
from the same pole (monopolar attachment), then the so that the inhibition does not persist after the spindle
daughter cells will receive unequal complements of is correctly assembled.
chromosomes. The specific pathways of this regulation are likely to
An influential finding was the demonstration that the involve multiple molecules (Amon, 1999), acting either in
concert or independently. The candidate proteins show
considerable conservation from yeast to mammals. In1Correspondence: solomon@mit.edu
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view of the characteristics described above, the behav- ally can exit from mitosis. This apparent anaphase is
aberrant: ask1-3 cells almost never separate sister chro-ior of Mad2, a component of the checkpoint in all eukary-
otes, is particularly intriguing. Mad2 inhibits the cyto- matids from one another. A mutant form of Spc34, an-
other DASH component, frequently causes spindles tosolic anaphase promoting complex (APC) that specifies
ubiquitinations essential for the onset of anaphase break upon elongation. These mutant cells show defects
in both establishment and maintenance of bipolar spin-(Amon, 1999). In particular, the APC targets destruction
of Pds1, an inhibitor of the proteolytic separase that dles, as assayed by defects in sister chromatid segrega-
tion. However, about 30% of spc34 mutant cells that alsodegrades cohesins and releases sister chromatids from
one another. In animal cells, a pool of Mad2 localizes lack the cohesin proteins which hold sister chromatids
together do separate sister chromatids. This partial sup-to unattached kinetochores (Chen et al., 1996). It is sig-
nificant that this association is not stable: it turns over pression supports the suggestion that the DASH com-
plex participates in strengthening the attachment be-with a half-life of approximately 24 to 28 s (Howell et
al., 2000). This behavior raises the possibility that the tween microtubules and kinetochores. Among the
possible interpretations is that conditionally inactivatedkinetochore acts catalytically to produce Mad2-con-
taining inhibitor molecules. Latterly, as the kinetochores DASH proteins weaken microtubule binding and so de-
stabilize bipolar orientation under tension. Alternatively,become fully attached, and the checkpoint is no longer
active, Mad2 is quantitatively depleted from them, fol- they may fail to resolve monopolar attachments (Li et
al., 2002). As described below, mechanisms that medi-lowed 10 min later by the onset of anaphase. These
kinetic properties are consistent with a role for Mad2 as ate the stability of kinetochore-microtubule attachments
are crucial for the morphogenesis of the final, correctcourier between unattached kinetochores and the APC.
Upon completion of metaphase spindle assembly, spindle.
A Mechanism for Constructing the Mitoticwhen all kinetochores are attached, at least some of the
Mad2 and Mad2 binding sites move from animal cell Apparatus and Proof-Reading the Product
Between the microtubule binding sites and the produc-kinetochores to spindle poles, a movement that de-
pends upon intact microtubules (Howell et al., 2000) and tion of diffusible anaphase inhibitors is a mechanism to
detect correct versus incorrect binding of microtubules.upon the activity of dynein and the dynactin complex
(Howell et al., 2001). Interference with depletion of Mad2 Microtubule binding to kinetochores must be strong to
enable chromosome movement. On the other hand, theblocks cells in metaphase. Coming at anaphase onset,
the translocation of Mad2 away from the kinetochore, association must be readily reversible to correct mono-
polar orientation. To satisfy these dual demands, thereinstead of simply allowing it to dissociate, may serve to
make the depletion less readily reversible. must be a mechanism to proof read the structure for
mistakes.A Protein Complex at the Kinetochore that Affects
Chromosome Segregation This mechanism could be triggered by the absence
of microtubule binding to any one kinetochore, or theProteins more stably associated with the kinetochore
than Mad2 facilitate the interaction between chromatids absence of the tension created when sister chromatids
are linked to opposite poles of the spindle. Since tensionand microtubules. Some well-studied proteins are
known to bind to centromeric DNA. In addition, diverse requires attachment, and since tension alone can distin-
guish monopolar from bipolar configurations, it wouldapproaches recently have greatly expanded the reper-
toire of kinetochore components. In particular, several appear to be the crucial criterion for onset of anaphase.
In yeast, novel microscopy approaches make it possi-yeast proteins that localize to kinetochores and that
affect chromosome segregation (He et al., 2001) are in ble to detect tagged chromosomes and so visualize the
consequences of tension at kinetochores (Goshima anda complex (Kang et al., 2001; Janke et al., 2002; Jones
et al., 2001; Li et al., 2002) that has been given various Yanagida, 2000; He et al., 2000), just as in animal cells.
Based on that finding, assays that can resolve attach-names, derived from the names of its components, in-
cluding DASH, Dam-Duo, and DDD. Its association with ment from tension have been facilitated by an experi-
mental design that makes the development of tensionkinetochores is strongly microtubule dependent (Li et
al., 2002; Janke et al., 2002), but rather less dependent impossible. These experiments identify an activity that
is both important for spindle morphogenesis and appar-upon stage of the cell cycle. The amount of DASH local-
ized to kinetochores is reduced 10-fold by microtubule ently sensitive to tension. Using conditional expression
of the CDC6 gene, required for the initiation of DNAdepolymerizing drugs. It is not clear whether it is the
establishment or the maintenance of this localization replication, it is possible to send cells that have not
replicated their chromosomes, and their kinetochores,that requires intact microtubules. Significantly, there is
substantially less fluctuation in the kinetochore-associ- into mitosis. In other words, the chromosomes con-
dense but not as paired chromatids with sister kineto-ated complex throughout the cell cycle; it is about 2-fold
lower at S than at G2/M. These results suggest that chores that can attach to—and so be pulled apart by—
the spindle (Piatti et al., 1995; Stern and Murray, 2001).kinetochores bind both the protein complex and micro-
tubules throughout the cell cycle. This system reveals a distinct role for IPL1 in mitosis.
The Ipl1 kinase is essential, and can promote phosphor-Insight into the possible functions of DASH arises from
analyses of conditional mutants of its components (Li ylation of members of the DASH complex (Kang et al.,
2001; Li et al., 2002). In an otherwise wild-type back-et al., 2002; Janke et al., 2002). For example, cells ex-
pressing ask1-3 arrest at mitosis at the restrictive tem- ground, Cdc6-depleted cells activate the spindle check-
point: they do not degrade the anaphase inhibitor Pds1perature. Predictably, this arrest depends upon an intact
spindle checkpoint. However, ask1-3 cells actually segre- (Stern and Murray, 2001). In contrast, depletion of Cdc6
in ipl1 mutant cells does permit degradation of Pds1,gate their chromosomes into two masses, and eventu-
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Figure 1. Spindle Morphogenesis: Proof-
Reading and Signaling
The functional spindle has bipolar attach-
ment of sister kinetochores to opposite spin-
dle poles. The figure illustrates two types of
errors that, if uncorrected, would lead to
aneuploidy. First, monopolar attachment of
both sister kinetochores to the same spindle
pole is manifest in the absence of tension.
Recent data suggest this error can be cor-
rected by catalyzed release of bound micro-
tubules, followed by reattachment until the
proper configuration is achieved. The cataly-
sis may be regulated by proteins whose con-
formations and therefore activities are af-
fected by tension. This defect does not trigger the spindle checkpoint, since both kinetochores are occupied. Second, unipolar attachment
of only one kinetochore leaves a sister kinetochore unoccupied and triggers the checkpoint. The presence at the kinetochore of sites that
bind the anaphase inhibitor Mad2, an inhibitor of anaphase onset, may be mutually exclusive with microtubule binding.
implying that Ipl1 function is needed to delay onset of the kinetochore, allowing a microtubule from the oppo-
site SPB to attach.anaphase in cells with kinetochores that are not under
tension (Biggens and Murray, 2001). Significantly, Ipl1 The mechanistic details remain to be elucidated. Per-
haps Ipl1 phosphorylation of specific mediators of mi-is a homolog of the metazoan Aurora kinases that also
have roles in mitosis. crotubule attachment—including those in the DASH
complex—triggers the release of microtubules. The nowRecent work demonstrates that the sensitivity of Ipl1
to tension is integral to its role in spindle morphogenesis unoccupied kinetochore activates the checkpoint; the
absence of tension does not directly activate the check-(Tanaka et al., 2002). A detailed analysis shows that
in ipl1 mutants, sister chromatids are not separated in point.
The data do not completely rule out a different se-70% of mitoses. The frequency of these errors is sev-
eral orders of magnitude greater than that reported for quence—that lack of tension does trigger the check-
point, and the ensuing pause in anaphase onset allowscells lacking the spindle checkpoint. This ipl1 defect is
the consequence of mono-orientation of sister kineto- more time for Ipl1 to promote the release of kinetochore
microtubules and reattach. However, that missegrega-chores—both attached to microtubules arising from the
same pole (see Figure 1). For example, the cosegregat- tion occurs in 70% of ipl1 mutant cells suggests that
monopolar attachments form with very high frequency ining sister chromatids move with high frequency to the
daughter cell. It is to the daughter cell that the “old” wild-type cells. Normally, these mistakes are corrected
without additional time in mitosis; mutants in the check-spindle pole body (SPB) migrates; the new SPB, created
by duplication during the previous cell cycle, stays in point pathway have much lower frequencies of misseg-
regation events that ipl1 mutants, and they have wild-the mother 98% of the time (Pereira et al., 2001). The
sister chromatids segregate as if they are attached to the type growth rates (Li and Murray, 1991). The checkpoint
only prolongs mitosis if the correction is not made in aold SPB. The same bias in distribution of unseparated
sisters to the old SPB occurs in cells expressing a mu- timely manner—for example, because microtubule as-
sembly is impaired.tant form of the DASH component Spc34 (Janke et al.,
2002). Such an attachment could persist from the previ- Metazoan cells, with more microtubules per kineto-
chore and more genetic redundancies than yeast, pre-ous cell cycle, since the microtubules coming from the
old SPB need not disassemble during its duplication sent a more complicated situation. There is evidence in
grasshopper spermatocytes for a similar mechanism:(Tanaka et al., 2002). Consistent with that view, revers-
ible microtubule disassembly randomizes the fate of tension is essential for normal chromosome segrega-
tion, but occupancy at the kinetochore signals thesister chromatids in ipl1 mutants; they go to mother or
daughter, and with old or new SPB, with equal proba- checkpoint (Nicklas et al., 2001). Even weak attachment,
produced by micromanipulating the chromosome, isbility.
In a sense, then, Ipl1 can act to the same effect as a sufficient to reduce substantially the levels of markers
associated with unattached kinetochores—for example,microtubule depolymerizing drug, randomizing kineto-
chore connections, but at the site of microtubule-chro- Mad2 and phosphorylation of kinetochore components.
However, tension is still required for the full complementmosome attachment rather than on the microtubule it-
self. By promoting microtubule turnover at kinetochores, of kinetochore microtubules to bind (King and Nicklas,
2000), leading in turn to total depletion of Mad2. PerhapsIpl1 activity gives sister kinetochores the chance to at-
tach to microtubules from opposite poles. The postu- in cells with multiple kinetochore microtubules there is
a continuum of increasing tension with increasing at-lated regulatory element is tension. When sister kineto-
chores are attached to the same pole, there is attachment tachment, and thus no dedicated mechanism for sens-
ing tension.but no tension. When they are bound to microtubules
arising from opposite poles, the possibility for tension Prospects
These analyses at the molecular level generate testableis created and Ipl1 activity is repressed. In this view,
Ipl1 is activated by the lack of tension between sister hypotheses for the coordination of spindle formation and
the timing of mitotic stages. For example, the identity ofchromatids and so promotes microtubule release from
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kinetochore-associated components that bind or modify
Mad2 may reveal their regulation by microtubules. Ipl1-
catalyzed phosphorylation of specific DASH components
may weaken the strength of the ternary complex: DASH-
kinetochore-microtubule. A structure-function analysis of
Ipl1 and its effectors could determine how quaternary
interactions, including tension-generated changes in
conformation, regulate its catalytic activity. In the de-
tailed enzymology of the kinetochore may lie the bases
of error-free chromosome segregation.
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